The pressing demand of cost-effective and highly efficient solar devices for clean and sustainable energy, to partially replace fossil fuels has been intensified with an increasing concerns of environmental pollution and climate change all over the world [1, 2] . Inorganic semiconductor quantum dot-sensitized solar cells (QDSCs) with rapid enhanced power conversion efficiency recently have received revitalized attention as third generation photovoltaic cells due to the versatile advantages of quantum dots (QDs) compared to the conventional dye sensitizers, such as tunable bandgap by controlling their size, large extinction coefficient, multi-excition generation, and high stability toward water and oxygen [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . A theoretical power conversion efficiency (PCE) up to 44%, beyond the traditional Shockley and Queisser limit of 32% for semiconductor solar cells, has encouraged researchers to develop QDSCs with the use of a variety of QDs as sensitizers for light harvesting, including CdS [13] , CdSe [14] , CdTe [16] , PbS [17] , PbSe [18] , etc. Compared to the metal halide perovskites as light harvesters, which have stunned the photovoltaic community with a PCE exceeding 20% but suffered from moisture-sensitive nature, inorganic QDs show impressive stability to ambient conditions [1] . Among kinds of the QDs developed, the fascinating CdS/CdSe cosensitization system has been shown to demonstrate the excellent power conversion efficiencies (PCEs) over 5% employing mesoporous TiO 2 films [6, 19, 20] . Our previous work also report an outperforming PCE of 6.33% for CdS/Mn-CdSe sensitized TiO 2 solar cell [19] .
In QDSCs, the optical bandgap of the QDs and the alignment of their bands with the underlying oxide semiconductor are critical for broad light harvesting and efficient charge separation [21] . However, these two requirements are not easily fulfilled simultaneously. Although the utilization of QDs with large size or narrow bandgap can expand the light absorption spectrum, the low conduction band edge of those QDs may prevent the effective injection of photo-generated electrons from the QD sensitizer into oxide semiconductor. This explains the relatively low PCEs of narrow bandgap QDs (such as PbS and Ag 2 S) sensitized solar cells, which possessed broad light harvesting, but suppressed electron injection [22, 23] . Therefore, under such circumstance, the tuning of optical and electronic properties of QDs purely by changing the particle size could be limited. Fortunately, instead of employing binary QDs, tailoring ternary QDs through alloying has emerged as a promising approach to pursue desired bandgap while keeping the particle size constant [24] . The optical bandgap and the corresponding band edges can be feasibly varied by altering component ratios of the alloyed QDs at a fixed size. In other words, in addition to size, ternary QDs provide composition as an additional dimension for tailoring their optical and electronic properties. Hence, employing composition-tunable alloyed QDs as sensitizer enables us to improve the optical absorption without overly impeding the subsequent charge injection from QDs to oxide semiconductors [25] . However, in contrast to the use of numerous binary QDs, the attempts to explore ternary alloyed ones as sensitizers in liquid-junction QDSCs to manipulate the band structure have been relatively rare [9, 21, [26] [27] [28] [29] .
CdS x Se 1À x alloyed semiconductors belong to ternary chalcogenide compounds, and the bandgap can be engineered between the bulk CdS (2.45 eV) and CdSe (1.75 eV), over a wide visible wavelength range [29] . Moreover, CdS and CdSe are considerably miscible in view of their small lattice mismatch, leading to the formation of CdS x Se 1À x (0rxr1) solid solution with almost zero enthalpy change [30] . Not surprisingly, the excellent ternary alloyed QDs attracted significant interest in the potential photovoltaic application. Up to now, much work has been committed to the preparation of different morphologies of ternary CdS x Se 1À x , such as colloidal QDs [24] , thin film [29] , nanobelt [31] , etc., and the optical and electrical properties have been extensively studied. Hossain et al. reported a PCE of 4.05% based on CdS x Se 1À x sensitized TiO 2 solar cell, rivalling the well-studied cascaded CdS/CdSe photoelectrodes [21] . Sung et al. synthesized complete composition-tuned CdS x Se 1À x layer sensitized TiO 2 nanowire arrays, and employed as efficient photoelectrodes for hydrogen generation [29] .
In this work, CdS x Se 1 À x QDs with controlled composition were prepared as the sensitizers for QDSCs by successive ionic layer adsorption and reaction (SILAR), instead of the high-temperature thermal vapor transport or hot injection methods [24, 29] . SILAR allows the CdS x Se 1 À x layer to successively grow in a reproducible and controllable manner [13] . Aiming to engineer novel band alignment facilitating charge separation and impair the interfacial defects and interphase strain for suppressed charge recombination in the multilayered QDSCs, CdS x Se 1 À x interlayer was further incorporated into CdS/CdSe co-sensitization system between CdS core and CdSe shell for enhanced photovoltaic performance. Such an idea is similar to that of boosting the luminescence quantum efficiency by gradually changing the shell composition in multishell structures [32, 33] . Ultimately, the graded CdS/CdSSe/CdSe structure delivers a superior PCE of 5.06% under simulated AM 1.5 100 mW cm À 2 illumination, which turns out to outperform the conventional CdS/CdSe QDSCs (η ¼4.76%) prepared under the same manufacturing procedures. 
Experimental

Chemicals and materials
In situ assembling of QDs
For in situ assembling of QDs by both successive ionic layer adsorption and reaction (SILAR) and chemical bath deposition (CBD) processes, the films were immersed into the as-prepared precursor solutions to allow the ions of the reactants to penetrate into the mesoporous film and incorporate into the interior of mesopores, leading to the formation of one layer of QDs. Specifically, the SILAR processes for CdS x Se 1 À x QDs deposition were all conducted inside a glove box under N 2 atmosphere. TiO 2 films were first dipped into cation ion precursor, i.e., 0.1 M Cd (CH 3 COO) 2 2 in methanol and 0.1 M Na 2 S in a mixture of methanol and water (volume ratio, v/v ¼1/1) as the cation and anion source, respectively. Finally, all the photoelectrodes were coated with 2 SILAR cycles of ZnS passivation layer, by dipping alternatively into 0.1 M Zn(CH 3 COO) 2 and 0.1 M Na 2 S solutions for 1 min/dip. The deposition of ZnS serves as a tunnel barrier for back charge transfer at the absorber and TiO 2 interface, which improves the performance and stability of the solar devices.
Solar cell fabrication
Solar device was assembled by sandwiching the as-prepared photoelectrode and Cu 2 S counter electrode using a scotch tape spacer (ca. 50 μm thick) and permeating the assembly with the polysulfide electrolyte. The polysulfide electrolyte employed in this study was composed of 1 M S and 1 M Na 2 S in deionized water. The counter electrode was a Cu 2 S film fabricated on a brass foil, and the preparation procedure can be described briefly as follows: a brass foil was immersed into 37% HCl solution at ca. 70°C for 0.5 h, then rinsed with water and dried in air; the etched brass foil was then dipped into the as-prepared polysulfide electrolyte for ca. 5 min, resulting in a black Cu 2 S layer forming on the foil.
Characterization
Morphologies of the film samples were directly characterized by a JEOL JSM 7000 scanning electron microscope (SEM) equipped with an energy dispersion X-ray (EDX) spectrometer to analyze the element content and distribution. Transmission electron microscope (TEM) and high-resolution TEM observations were performed on a Tecnai G2 F20 microscope. Optical absorption spectra were measured on a thermal scientific UV-vis-NIR spectrophotometer (Evolution 300 PC) fitted with an integrating sphere accessory. Photovoltaic properties were measured using an HP 4155A programmable semiconductor parameter analyzer under AM 1.5 simulated sunlight with the power density of 100 mW cm À 2 . Current density-voltage ( J-V) characteristics were recorded using a Keithley 2400 source meter with an active cell area of 0.36 cm 2 . Electrochemical impedance spectroscopy (EIS) measurements were carried out under dark condition using a Solartron 1287A coupled with a Solartron 1260 FRA/impedance analyzer. Fig. 1 shows the surface morphologies of the bare and CdS x Se 1 À x QDs sensitized TiO 2 films. It is observed that the bare TiO 2 film exhibited a highly porous nanostructure, and such mesoporous structure allows the penetration of the cationic and anionic precursor solutions. SILAR as a solution deposition method is supposed to be ideal for allowing the infiltration of the reactions into the film pores [12] . With the deposition of CdS x Se 1 À x QDs, the mesoporous structure of TiO 2 film was largely retained as shown in Fig. 1(b-f) , however small pores were partially filled. Moreover, the particles on the sensitized films become larger and coarser in comparison with the bare TiO 2 film. These observations imply a successful deposition of QDs on the photoelectrodes. Meanwhile, there are no significant differences on the surface morphology between the films sensitized by CdS x Se 1 À x QDs of different Se/S ratios.
Results and discussion
For microscopically tracing the spatial distribution of QDs in the mesoporous film, the elemental mapping technique was employed. The cross-sectional mapping images (Fig. S1 , ESI † )
demonstrates that the element distributions of Cd, S and Se are indeed essentially homogeneous throughout the thickness of the mesoporous TiO 2 film, as we have expected.
The actual molar ratio of Se/S for CdS x Se 1 À x QDs adsorbed on each film was examined by EDX analysis. The corresponding EDX spectra of the bare and sensitized TiO 2 films are presented in Fig. S2 (ESI† ). As shown, the bare TiO 2 film only exhibits the two typical peaks corresponding to Ti and O, whereas for the sensitized films, energy-dispersion peaks corresponding to Cd, S and Se also appear. Fig. 2 The typical TEM images of the as-prepared ternary CdS x Se 1 À x QDs (Se/S ¼4/16 sample) sensitized TiO 2 film are shown in Fig. 3 , which further microscopically confirmed the successful loading of QDs on TiO 2 surface. The boundary of regular-shaped TiO 2 nanocrystals appeared obscure since the SILAR-deposited QDs forms as separated small particles randomly distributed on TiO 2 , similar to some scenarios reported in literature [17, 22, 28] . The achieved ellipsoidal QDs are marked by the white ellipse curves in the images. High-resolution TEM (HRTEM) image (Fig. 3(b) ) further revealed that the mean particle size of the achieved QDs prepared by SILAR under 10 cycles was $6 nm, and allowed the identification of the lattice fringes corresponding to anatase TiO 2 and CdS x Se 1 À x QDs. Fig. 4(a) shows the UV-vis absorption spectra of CdS x Se 1 À x QDs sensitized TiO 2 mesoporous films. The absorption onset of the successively deposited QDs on TiO 2 film shifted to a longer wavelength along with the increase of Se content in the ternary CdS x Se 1 À x QDs. Since the SILAR cycle was set to be the same for all the samples here, the red-shifted absorption onset implies the narrowed bandgap of ternary QDs. The effective bandgap of CdS x Se 1 À x QDs can be estimated by extrapolating the linear portion of the (Ahυ) 2 versus hυ plots at A ¼0, according to the following equation, which expresses the relationship between the optical bandgap (E g ) for direct inter-band transition and the absorption coefficient (A) near the absorption edge [11, 13] ,
where c is a constant, υ is the frequency and h is Planck constant.
The obtained values of effective bandgaps and absorption onsets are plotted in Fig. 4(c) . As expected, with the increase of Se content in CdS x Se 1 À x QDs, the estimated bandgaps become increasingly smaller, correlated with the more and more pronounced red shift of absorption edge. For example, the bandgap of Se/S ¼4/16 sample is $ 2.01 eV, and such a value is considerably larger than the bandgap of bulk CdSe (1.75 eV), while smaller than that of bulk CdS (2.45 eV) [29] . In addition, it is noteworthy here that the Se/S¼ 0/16 sample (i.e., pure CdS sensitized TiO 2 films) exhibits a bandgap of 2.31 eV narrower than 2.42 eV for bulk CdS. Such an anomalous absorption-edge red shift phenomenon has been carefully discussed in our previous work, and probably results from a particularly long absorption tail that extends far into the red region and is amplified by the large optical thickness of highsurface-area mesoporous films [13] . Schematically depicted in Fig. 4(d) is the band structure of CdS x Se 1 À x QDs depending on the molar ratio of Se/S as revealed by the corresponding absorption spectra. Therefore, the absorption spectrum and band edge of the achieved ternary CdS x Se 1 À x QDs can be readily controlled by altering the composition ratio of Se/S without changing the size of QDs. The flexibility of tailoring the absorption range and band structure makes the composition-tunable alloyed CdS x Se 1 À x QDs promising for photovoltaic application. The continuous shift of the absorption edge without obvious humps corresponding to the characteristic absorption shoulders for CdS and CdSe further confirms the formation of homogeneous ternary alloys of tunable compositions instead of a mixture of CdS and CdSe [21] . The photovoltaic characteristics of CdS x Se 1 À x QDSCs under one sun illumination (AM 1.5 G, 100 mW cm À 2 ) are presented in Fig. 5 , and the short circuit current density ( J sc ), open circuit voltage (V oc ), fill factor (FF) and PCE (η) are summarized in Table 1 . It is worth mentioning that, for each solar device studied in this paper, at least three identical samples have been fabricated to check the reproducibility of cell performance. As shown in Table 1 , the PCE first increases and then decreases with the increase of Se content incorporated the alloyed QDs, and the parameters of J sc , V oc and FF are all significantly improved compared to the pure CdS QDSC (i.e., the Se/S¼ 0/16 sample). It is known that increasing Se content in ternary CdS x Se 1 À x QDs will broad the light absorption range but lower the conduction band edge of QDs so as to impede the charge injection. The successful balance of these two requirements helps to result in an excellent photovoltaic performance. The solar cell made of the Se/S ¼4/16 photoelectrode acquires J sc of 11.85 mA cm À 2 , V oc of 0.56 V, and FF of 0.54, yielding an optimized PCE of 3.58%. Moreover, the performance of a QDSC is very much dependent on SILAR cycle to deposit QDs, as revealed in Fig. S3 (ESI †) and Table S1 (ESI †), which gives the photovoltaic characteristics of CdS x Se 1 À x QDSCs (Se/S ¼4/16 sample) under various SILAR cycles. Specifically, it is easy to understand that a small amount of QDs deposited on the TiO 2 film would result in a small photocurrent density, along with a low PCE; however, an overload of QDs might also result in a poor cell performance, possibly for the reason of the blocking of the mesopores, which leads to a decrease of the QD/electrolyte contact area and unfavorable electron transport at the TiO 2 /QD/electrolyte interface [12, 13] . This explains the fact that, although the QD loading would further increase, the cell performance deteriorated along with the overextended SILAR cycle. An optimal SILAR cycle is achieved to be $ 10. Hence, to sum up, with the construction of solar cells employing ternary alloyed CdS x Se 1 À x QDs, impressive cell performances are achievable relative to those of the constituent binary systems. Based on the results and discussions above, it is concluded that ternary CdS x Se 1 À x QDs are demonstrated to be efficient sensitizers for QDSCs, and furthermore, a moderate bandgap for QD sensitizer is desired to sufficiently match the solar spectrum for broad light harvesting and achieve ideal band alignment for efficient charge separation. Aiming to expand its applications for enhanced photovoltaic performance, the engineered ternary CdS x Se 1 À x QDs were further incorporated into CdS/CdSe co-sensitization system as an interlayer. Here it should be noted that the ternary QDs mentioned below are prepared under the feed molar ratio of Se/S ¼4/16 (hereinafter referred to as "CdSSe"). It is expected that CdSSe interlayer would engineer novel band alignment for efficient charge separation as well as impair the interfacial defects and interphase strain at CdS/CdSe interface. For the construction of the CdS/CdSSe/CdSe multilayer structure, the CdS core and CdSe shell layer were prepared by SILAR and CBD, respectively. The deposition status of the multilayered QDs on TiO 2 was also microscopically examined by TEM images as shown in Fig. 6 . Obviously, the QDs are successfully loaded on the TiO 2 surface. However, different from that of SILAR deposited CdSSe QDs that forms small separated particles as revealed in Fig. 3 , the CdS/CdSSe/CdSe structure ensures a conformal coverage of the thin layer coated continuously on TiO 2 . Such a difference in morphology is closely correlated with the deposition strategy of QDs, which has been carefully demonstrated in our previous work [12] . That is, in contrast with layer-by-layer growth based on a SILAR process, CBD is a simple one-pot strategy for obtaining wellcovered QDs layer. In our experimental process to prepare CdSe shell by CBD, the application of sodium selenosulfite (Na 2 SeSO 3 ) allows the slow generation of Se anions, which is useful for rate control to prevent aggregation and achieve uniform QDs [34] . The achieved conformal coverage for CdS/CdSSe/CdSe multishell electrode are expected to result in an interfacial structure with superior ability to inhibit the charge recombination at TiO 2 /electrolyte interface, thus contributing for the performance improvements of the corresponding cells. Fig. 7 presents the UV-vis absorption spectra of CdSe, CdS/CdSe and CdS/CdSSe/CdSe sensitized TiO 2 films. The light harvesting capability, as one of the key functional properties of a sensitized film, can be evaluated employing the UV-vis absorption spectrum, which highlights two important features, the absorbance and absorption range. The absorbance is determined by the amount of QDs loaded while the absorption range is usually bound up with the intrinsic bandgap and particle size of the QDs. As reflected in Fig. 7(a) , compared to the pure CdSe sample, the presence of the pre-assembled CdS or CdSSe seed layer underneath CdSe significantly enhances the subsequent growth of CdSe prepared by CBD, as demonstrated by the higher absorbance and broader absorption range for CdS/CdSe and CdS/CdSSe/CdSe samples. Moreover, the CdS/CdSe and CdS/CdSSe/CdSe sensitized films show almost the same absorbance, while the latter exhibits a slightly broader light absorption range with an absorption onset at a wavelength of ca. 646 nm, longer than that of 639 nm for the former (as illustrated in Fig. 7(b) ). The results indicate that although the comparable amount of QDs loaded is achieved for both CdS/CdSe and CdS/CdSSe/CdSe samples, the incorporated CdSSe interlayer as the seed layer may promote the grain growth of the subsequent CBD-deposited CdSe, which is probably due to the impaired lattice mismatch at the CdS/CdSe interface.
CdSe, CdS/CdSe and CdS/CdSSe/CdSe QDSCs were fabricated employing the corresponding sensitized TiO 2 photoelectrodes. It is well known that the interface charge recombination plays a leading role compared to the bulk recombination for sensitized nanocrystalline solar cells, and the interface charge recombination pathways mainly include the back reaction of the injected electrons in the CB of QDs and TiO 2 with the electron acceptors in the electrolyte and the recombination of these electrons with holes remaining in the VB of QDs, respectively [2, 12] . In order to evaluate the interfacial charge recombination processes in the solar device, EIS measurements have been carried out. The impedance spectra shown in Fig. 8(a, b) were recorded under dark at an applied forward bias of À 0.6 V, and the curves were fitted in terms of the equivalent circuit depicted in the inset of Fig. 8(a) . R s accounts for the sheet resistance of FTO and the contact resistance between FTO and TiO 2 , and two typical semicircles in the Nyquist plots of QDSCs correspond to the redox reaction at the counter electrode/electrolyte interface at high frequencies (R 1 , smaller semicircle), and the electron transfer at the TiO 2 /QD/electrolyte interface at medium frequencies (R 2 , bigger semicircle), respectively [35] [36] [37] [38] . The fitting results of R s , R 1 and R 2 for QDSCs based on EIS measurements are presented in Table 2 . In consideration of the same electrolyte and counter electrode employed in our experiments, R 1 exhibits no apparent differences for three cells; while for our interest, we would like to draw attention to the most conspicuous difference between the cells, i.e., R 2 , which reflects the charge recombination at the TiO 2 /QD/electrolyte interface. As shown in Table 2 , the R 2 of CdS/CdSSe/CdSe cell is estimated to be 115.2 Ω, which is remarkably larger than that of CdS/CdSe cell (69.5 Ω). The fact revealed that, compared to CdS/CdSe, electrons in CdS/CdSSe/CdSe photoelectrode are more difficult to recombine with the electrolyte redox couple (S 2 À /S n 2 À ) in view of the higher value of R 2 . Since the same counter electrode, electrolyte and TiO 2 film were employed for the cells, the value difference of R 2 should be closely bound up with the features of QDs deposited onto the TiO 2 surface, which could give rise to different charge transport and recombination characteristics. Evidently, the engineered CdS/ CdSSe/CdSe multishell structure should attribute to the much smaller recombination resistance value associated with the suppression of charger recombination in the solar device [35] . Meanwhile, not surprisingly, the R 2 of CdSe cell prepared without the pre-assembled CdS or CdSSe layer is further smaller (17.6 Ω),
indicating the more serious charge recombination. Fig. 8(b) gives the Bode plots of the impedance spectra. The electron lifetime (τ n ) in the TiO 2 can be evaluated by the peak frequency at the minimum phase angle in the Bode plot based on the following equation [38, 39] :
The estimated electron lifetime of CdS/CdSSe/CdSe cell is up to 83.8 ms, much longer than that of 60.8 ms for CdS/CdSe cell. Apparently, the long-lived charge carrier implies a suppressed charge recombination, and ensures the efficient collection of electrons at the FTO substrate. The inference based on EIS analysis is further supported by the J-V characteristics measured under dark conditions (Fig. 8(c) ), which shows a smallest dark current for the CdS/CdSSe/CdSe cell. Therefore, the CdSSe interlayer is effective in suppressing interface charge recombination.
The photovoltaic characteristics of CdSe, CdS/CdSe and CdS/CdSSe/ CdSe QDSCs measured under the illumination of one sun (AM 1.5, 100 mW cm À 2 ) are compared in Fig. 9 and the extracted parameters (i.e., J sc , V oc , FF and η) are tabularized in Table 3 . EQE measurement was also performed to cross check and validate our J sc data (see the supplementary information for a detailed calculation and analysis, Fig. S4 , ESI †). Apparently, the pure CdSe sensitized solar cell exhibits a much lower J sc , compared to the other two prepared employing preassembled seed layers (i.e., CdS and CdSSe), and it is easy to understand here that a low QD loading should be responsible for the small photocurrent density, along with a poor cell performance. Next, for our interest, we would like to pay particular attention to a comparison between CdS/CdSe and CdS/CdSSe/CdSe cell. As shown, a PCE up to 5.06% has been achieved for CdS/CdSSe/CdSe cell, which is appreciably higher than 4.41% for the commonly studied CdS/CdSe cell. Through the careful comparison of the photovoltaic parameters, relatively larger values of J sc and V oc have been consistently delivered for CdS/ CdSSe/CdSe cell, in comparison with CdS/CdSe cell. Since the light absorption capability exhibits no much difference for both CdS/CdSe and CdS/CdSSe/CdSe photoelectrodes, the origin of the difference in photovoltaic performance relies on the charge transfer processes after photocarrier generation: charge injection and recombination. That is, with respect to that of CdS/CdSe, the incorporated CdSSe layer between CdS and CdSe should take the responsibility for the performance enhancement of the CdS/CdSSe/CdSe device in view of the facilitated charge injection and suppressed charge recombination, and these two considerable effects are schematically illustrated in panel (a) and (b) of Fig. 10 as follows, respectively. Firstly, as is well known for CdS/CdSe band lineup, the redistribution of the electrons between CdS and CdSe is supposed to trigger a downward and upward shift of the band edges, respectively, for CdS and CdSe, which is known as the Fermi level alignment [7, 40] . Therefore, the resulting band edges are inferred to have a stepwise structure as schematically shown in panel (a), although the exact band lineups are not very clear in our case because of the high pH of the polysulfide electrolyte, which has been reported to make the TiO 2 bands shift negatively to a greater extent than the corresponding shifts of CdS or CdSe QDs [41] . It is generally believed that the insertion of a CdS layer between TiO 2 and CdSe elevates the conduction band edge of CdSe, giving a higher driving force for the injection of excited electrons out of CdSe layer. Analogously, with incorporation of the CdSSe layer, a similar band edge structure can also be proposed for CdS, CdSSe and CdSe, as demonstrated in the schematic drawing. The conduction and valence band edges of the three materials exerts the increasing order of CdSoCdSSeoCdSe, and such a band alignment is conducive to both electron injection and hole recovery for all the three absorber layers. That is, a ladder-like energy structure suitable for carrier transfer is attained with the incorporation of CdSSe interlayer. Secondly, different from dye molecules, there exist unwanted interfacial defects at the contact interface between QD sensitizers, especially for that of multilayered QDs, which may inevitably be prone to interphase strain between different QD layers [42, 43] . As illustrated in panel (b), in comparison with CdS/CdSe, reduced defects and interphase strain between CdS core and CdSe shell layers should be attained for the CdS/CdSSe/CdSe structure, in which the incorporated CdSSe interlayer play a positive effect to gradually change the composition of coated QDs. Thanks to the decreased recombination center and favorable band structure, the charge recombination process is significantly suppressed for CdS/CdSSe/CdSe cell, concurring with the EIS measurements. The suppressed charge recombination contributes to the high V oc up to 0.64 V. Therefore, the incorporation of CdSSe interlayer not only forms a favorable stepwise alignment of band-edge levels, which is advantageous to the electron injection, but also plays a complementary effect in passivating the recombination center at the contact interface for retarded charge recombination. As a result, an enhanced photovoltaic performance is achieved for CdS/CdSSe/CdSe QDSC, compared to the conventional CdS/CdSe one.
Conclusion
The present work has shown that ternary alloyed QDs provide an effective and reliable approach in selecting desirable properties for developing high-performance photovoltaic devices. In addition to size, ternary QDs make composition as an additional dimension for tailoring the optical and electronic properties, different from that of the widely used binary semiconductors. The excellent ternary CdS x Se 1 À x QDs are demonstrated to be efficient sensitizers for QDSCs, and an appropriate bandgap is desired to sufficiently match the solar spectrum for broad light harvesting and achieve ideal band alignment for efficient charge separation. Furthermore, the engineered CdS x Se 1 À x QDs were incorporated into CdS/CdSe co-sensitization system as an interlayer for enhanced photovoltaic performance. The incorporated CdS x Se 1 À x layer between CdS core and CdSe shell not only helps to construct an efficient band structure facilitating charge injection but also effectively impairs the interfacial defects and interphase strain at CdS/CdSe interface for suppressed charge recombination. Eventually, an improved PCE up to 5.06% is achieved for CdS/CdSSe/CdSe multilayer structure, significantly higher than 4.41% for the conventional CdS/CdSe one. Therefore, with the construction of solar cells employing ternary alloyed QDs, impressive cell performances are achievable with respect to those of the constituent binary systems.
